Abstract-This letter reports an all-digital sweep velocitycontrolled pulse laser with enhanced sweep bandwidth. A vertical cavity surface emitting laser was employed as the optical source. An all-digital phase locked loop was designed and implemented using a field programmable logic array chip to lock the laser sweep velocity within each chirped pulse. A laser temperature controller was used to tune the operation temperature to enhance the laser mode-hop-free bandwidth, resulting in a total frequency excursion of 212.12 GHz and a constant sweep velocity of 30.28 GHz/ms. The system was further adopted to interrogate a sub-terahertz-range fiber sensor array. A series of static strain tests were conducted to demonstrate the system sensing capability. Highly linear results with a sensitivity of −0.1426 GHz/με were observed.
I. INTRODUCTION
O PTIAL fiber sensors have found a wide variety of applications in the past. Examples include conventional fiber Bragg grating (FBG) and fiber interferometer-based sensing systems [1] - [8] . Recently, optical frequency domain reflectometry (OFDR) is becoming popular due to its large multiplexing capacity [9] , [10] . Distributed feedback (DFB) lasers have been well-investigated for low-bandwidth OFDR applications [11] - [14] . By modulating its injection current, a frequency excursion of 100 GHz was achieved. One disadvantage of chirped DFB laser is its nonlinear sweep, or inconsistent sweep velocity. Although a pre-distortion waveform can be applied to mitigate this effect [15] , the relation between output wavelength and injection current varies from time to time, making it impossible to completely remove the nonlinearity. An auxiliary clock was required. Recently, a speed velocity locked DFB laser based on a digital phase lock loop (DPLL) was reported to interrogate sub-terahertz-range fiber sensor (sub-THz-FS) array [16] . Injection current of DFB laser was adjusted in real-time, leading to a highly linear sweep velocity within each chirped pulse [17] , [18] . Vertical cavity surface emitting laser (VCSEL) represents a promising candidate as the frequency sweep source for OFDR applications. Compared with DFB lasers, VCSELs have higher efficiency and lower cost. Importantly, it has a broader mode-hop-free tuning range [19] , [20] . In this letter, a sweep velocity-locked VCSEL pulse laser towards the interrogation for Sub-THz-FS was reported. An all-digital phase locked loop (ADPLL) was proposed and implemented to maintain a constant sweep velocity of 30.28 GHz/ms within each chirped pulse. The mode-hop current as a function of operation temperature was systematically investigated. A total modehop-free frequency excursion of 212.12 GHz was achieved by adjusting the operation temperature. The system was adopted to interrogate a sub-THz-FS for strain sensing. A linear response was observed with a sensitivity of −0.1426 GHz/με, which agrees with previous studies. Fig. 1 depicts the schematic of the proposed interrogation system. A VCSEL laser is the optical source, modulated by a time-varying injection current through a homemade laser driver circuit. A temperature controller (TEC) is used to stabilize and control the laser operation temperature. At the laser output, a 90/10 coupler (CPL) is used to direct 10% of the power into a Mach-Zehnder interferometer (MZI) for sweep velocity monitoring, whilst 90% of the power into the sensing module for sensor interrogation. The MZI has a fixed delay τ d of 3.3 ns. Assuming that the VCSEL emits a linearly swept coherent light, the AC-coupled current output from the photodiode can be expressed as:
II. OPERATIONAL MECHANISM
where A(t) is the amplitude of the electric field at the laser output, η is the light-to-current coefficient, or responsivity of the photodiode, f 0 is the start sweep frequency, ν is the sweep velocity and t is time. The laser output after the MZI forms a beat frequency in the radio frequency (RF) range, which is proportional to the optical sweep velocity. Due to the injection current modulation, the intensity of the VCSEL output varies as a function of time. To account for this effect, an automatic gain control (AGC) transimpedance amplifier is designed to maintain the amplitude of the AC-coupled signal output of the photodiode. A 1-bit voltage comparator is used to convert analog beat signals into digital signals, which are then sent into a digital input port of a field programmable logic gate array (FPGA) chip. A pre-calibrated pre-distortion waveform is applied to obtain a quasi-linear sweep at a velocity of 29 GHz/ms. This waveform is stored in a FPGAdefined memory. A type-II phase comparator is constructed to extract the phase difference between the input digital signals and an on-board reference clock signal f R at 100 kHz. The resulting phase errors are then sent into a loop controller (LC) to further modify the pre-distortion modulation waveform through an adder. A digital-to-analog convertor (DAC) is used to send the control signal into the laser driver circuit. The spectrograms of the AGC output during a chirped laser pulse at room temperature (22°C) under free-running case with an unmodified ramp input, as well as under free-running case with pre-distortion modulation, are shown in Fig. 2 (a) and (b) . The sweep linearity is improved by the pre-distortion curve with a velocity variation of less than 10 GHz/ms. After closing the control loop (i.e. when phase errors are fed into the loop controller), the laser sweep velocity is locked during each chirped laser pulse. When locked, the AGC output signal is in phase with the digital reference clock and the locked optical frequency sweep velocity v can be expressed as:
The locked velocity is calculated to be 30.28 GHz/ms. Fig. 2 (c) shows the AGC output within a chirped pulsed under locked condition. It was noticed that under room temperature, the chirped laser output experiences a mode hop at around 5.6 ms after sweep starts. When laser injection current reaches mode hop current, a sudden wavelength jump occurs. Thus, the mode hop effect limits the linear sweep range of our system. It is well known that the laser mode hop effect, which is related to laser cavity length and resonant wavelength of Bragg reflectors, can be adjusted by changing laser operation temperature. Tests were conducted to measure the mode hop currents at differing laser operation temperatures. A laser temperature controller (TEC) was employed to decrease the laser operation temperature from 22°C to 12°C with an interval of 1°C and the mode hop current was recorded correspondingly. Fig. 3 (a) shows the testing results, indicating that the mode hop current increases as laser operation temperature decreases, leading to an increased mode-hop-free sweep bandwidth. The spectrogram of AGC output, when operating at 12°C, is shown in Fig. 3 (b) . A total mode-hop-free sweep velocity-locked bandwidth of 212.12 GHz was achieved. Fig. 4 (a) shows the Fourier transform of AGC output over the span of 7 ms under locked condition; over that span, a signal-to-noise ratio (SNR) above 30 dB was achieved. During the testing, a resting period of 10 ms follows each 10 ms sweep in order to discharge the capacitor inside the laser controller, resulting in a total period of 20 ms for each complete pulse cycle and a reputation rate of 50 Hz. Fig. 4 (b) shows the control signal at the ADC output over 5 cycles spanning over 100 ms. To determine the noise of the system, 1 second of data with 50 chirped laser pulses was recorded. Fourier transform of this data is plotted in Fig. 4 (c) . A center frequency of 99.8 kHz was found. A 50 Hz frequency period was observed due to the reputation rate described above. The full width at half maximum (FWHM) of the peak envelope using a Gaussian curve fit was measured to be 103 Hz.
Along the sensing module, a homodyne interferometry structure is constructed using two 2×2 3-dB couplers as shown in Fig. 1 . The input light is split into two paths via the first coupler, with one serving as a reference arm and the other path directed into a sensing arm, which includes a sub-THz-FS array. The sensing arm is terminated using an anti-reflection cut. The reflected light from the sub-THz-FS is then combined with light from reference arm via the second coupler. A photodiode and a single channel AC-coupled 8-bit analogto-digital converter (ADC) is used to record the resulting data. The sampling rate of the ADC is set to 8 MSa/s with a matched anti-aliasing filter and in total 55k data points were collected with a system update rate of 50 Hz. The frequency spacing between two neighboring points is about 3.8 MHz. The digitized raw data is then fed into a DSP module.
III. EXPERIMENTAL RESULTS AND DISCUSSION
To demonstrate and evaluate system sensing ability, a 20-pt periodic weak reflection sub-THz-FS array with 1-mm pitch length was fabricated along a single mode fiber (SMF-28, Corning, Inc.) using a Ti: Sapphire femtosecond laser micromaching system (Coherent, Inc.) [21] , [22] . During the interrogation and signal processing, the sub-THz-FS array was considered as 9 cascaded individual sensor units using a 4-mm wide moving Butterworth bandpass-filter with a step size of 2-mm. In this case, each sensor unit contains 4 weak reflectors. The signal processing method has been investigated in the previous publication [22] , [23] . The interferograms of the target sensor unit were extracted using a self-mixing method and a Butterworth low-pass filter. The strain sensing mechanism is described as follows: the strain changes along the optical fiber would result in the optical path length (OPL) change between the weak reflectors of the sub-THz-FS array. A phase shift in the resulting interferogram can be used to track the strain change along the sensor probe. The theoretical models and equations have been systematically and experimentally investigated in our previous publications [4] , [24] - [26] .
To demonstrate the system strain sensing capability, a series of static strain tests were conducted. One end of the device under test (DUT) was fixed to an optical bench while the other side was left free to hang, shown in Fig. 5 (a) . Weights were sequentially added to the free end of the fiber at 3.10 g intervals, in total 31 g of weights were added to the free end of the DUT, resulting in a total strain change of 364.87 με. The resulting distance domain signals, calculated using the Fourier transform, in which the sensor structure can be identified between 518.5 mm and 538.5 mm, are plotted in Fig. 5 (b) . The individual reflection peaks can be partially resolved due to the broader sweep bandwidth of VCSEL. The measured frequency domain interferograms of the 3 rd sensor unit between 522.5 mm and 526.5 mm with varied strain applied are plotted in Fig. 5 (c) . The strain test results for all 9 sensor units are plotted in Fig. 5 (d) and the results for the 3 rd sensor unit specially are plotted in Fig. 5 (e) . Linear results were observed with the least R 2 value of 0.9993. The mean sensitivity across all sensing units were calculated to be -0.1426 GHz/με with a standard deviation of 0.0004 GHz/με. A stability test was conducted to evaluate the start-sweep frequency, in which the sub-THz-FS array was affixed to an optical table with no strain applied. 1000 groups of measurement tests were collected and the standard deviation is measured to be 0.262 GHz, corresponding to a strain standard deviation of 1.83 με. The maximum measurement range in our experiment was less than 2 m. In our future work, the optical system signal to noise ratio and the VCSEL locking quality need to be improved to further extend the maximum detection range. Although the coherent length of VCSEL is limited, this system provides an alternative design of laser pulse generator with broader sweeping range and high power efficiency. 
IV. CONCLUSIONS
To conclude, this letter reports a VCSEL laser-based sweep velocity-locked laser pulse generator with enhanced modehop-free sweep bandwidth. The sweep velocity locking was achieved via the implementation of an all-digital phase locked loop (ADPLL), built around a FPGA chip. A mode-hopfree and highly linearly-swept bandwidth of 212.12 GHz was demonstrated at a sweep velocity of 30.28 GHz/ms. The system was further adopted to interrogate a sub-THz-FS array to demonstrate its sensing application. A series of static strain tests were conducted and linear results were observed. In comparison with DFB lasers, VCSELs has a prominent advantage in sweep bandwidth at the cost of short coherent length. In addition, VCSELs are relatively power-efficient and cost-effective.
